The water sorption kinetics of spaghetti was measured in the temperature range of 20-90 o C to investigate the temperature dependencies of an equilibrium moisture content and an initial rate of water sorption. The dependencies indicated the mechanism of water sorption: the equilibrium moisture content is limited by the state of starch gelatinization and the initial rate of water sorption is governed by the water diffusion through the pores of the spaghetti regardless of the starch gelatinization. The empirical equations were proposed to predict the amount of loss of the spaghetti mass during water sorption which results in the quality loss of cooked spaghetti and the moisture content which affects the mechanical properties and an optimal immersion time. The equation of the moisture content, taking the effect of starch gelatinization into consideration, has the initial diameter of spaghetti, immersion time, and temperature of immersed water as parameters to predict under any conditions.
Introduction
Drying is one of the most common methods of food preservation and is applied to various foodstuffs. Water sorption is a process aimed at the restoration of the properties of dried foodstuffs. This process is complicated, because water sorption is a multifaceted mass transport process and is governed by several mechanisms of water imbibitions in pores (Sam Saguy et al., 2005) . A quantitative understanding of the change in the moisture content of spaghetti at any temperature of the immersed water is necessary to know the mechanical properties and the optimal immersion time of spaghetti (Chillo et al., 2008 (Chillo et al., , 2009 Cuq et al., 2003) .
Typically, equations to describe the water sorption kinetics can be characterized by two approaches: theoretical and empirical (García-Pascual et al., 2006) . The theoretical equations are based on the Fick's first and second laws of diffusion, where the difference in the moisture content of spaghetti is considered to be a driving force (Bilbao-Sainz et al., 2005;  insights into the mechanistic relevance of an observed phenomenon (Sam Saguy et al., 2005) .
However, they are not convenient for practical purposes due to their complexity (Maskan, 2002; Cunningham et al., 2007) : in addition to water diffusion, starch crystalline domains melting, macromolecular matrix relaxation, and "residual deformation" release also occur during water sorption (Del Nobile et al., 2003) . On the other hand, the development of empirical equations requires considerably less effort. Therefore, empirical equations can be useful tools for the prediction and optimization of the water sorption kinetics (Djomdi and Ndjouenkeu, 2007) .
Empirical or semi-empirical equations of 6 types are often utilized to describe the water sorption kinetics (Maskan, 2002) . These include: the exponential equation (Misra and Brooker, 1980 ), Peleg's model (Peleg, 1988) , 1st order kinetics (Chhinnan, 1984) , Becker's model (Becker, 1960) , the Weibull distribution function (Cunha et al., 1998) , and the normalized Weibull distribution function (Marabi et al., 2003) . In the empirical equations, the water sorption process is treated as a 'black box', varying specific input setup parameters, measuring output quantities and deriving the adequate correlations.
Therefore, it is necessary to determine the coefficients of the equation by varying the specific input setup parameters in detail. The moisture content of the spaghetti at any immersion time can be well predicted using Peleg's model and the Weibull distribution function (Cunningham et al., 2007 
Material and Methods

Material
Spaghetti Ma·Ma (Nisshin Foods, Inc., Tokyo, Japan), purchased from a local supermarket, was used in all the experiments. 
Volume measurement
After the water sorption for a given period, the sample was immersed in a burette containing hexane (25°C), and the sample volume was measured from the increase in the volume in the burette, assuming that a penetration of hexane into the spaghetti can be ignored. The samples were then dried in the convection drying oven at 105°C for 4 days, and weighed.
Thermal analysis
The gelatinization of spaghetti samples was measured by differential scanning calorimetry (DSC-50, Shimadzu, Kyoto, Japan). The sample was ground into a fine powder by using a pestle and mortar. The ground sample was accurately weighed (1.5 mg) using a thermogravimetric analyzer (TGA-50, Shimadzu) and moistened with distilled water at a weight ratio of dry sample to water of around 1:6.5. The sample was (Miller and Miller, 1988) . The good fit of the model was evaluated on the basis of the coefficient of the determination (R 2 ) and the root-mean-square deviation (RMSD). The RMSD is defined as (Sopade et al., 1992) 
where n is the number of experimental points, X t is the experimental moisture content, and X pi is the predicted moisture content.
Results and Discussion
Loss of spaghetti mass
The spaghetti components leak into the immersed water during water sorption, resulting called al dente, is cooked so as to be firm but not hard. The M t value at al dente, which was attained around 7 min for 1.6 mm diameter spaghetti in Fig.1 , was about 0.032 kg·kg -1 -i.s.
The moisture content at the early stage of water sorption, such as the condition of al dente, was only slightly affected by the loss. On the other hand, the effect of the loss on the moisture content at the latter stage became significant.
Therefore, the loss should be considered to characterize the water sorption process. Figure 3 shows the relationship between the moisture content, X t , and the quotient of time by square of the diameter, t·d -2 ,for the 1.4, 1.6, and 1.8 mm diameter spaghettis at 50 and 80°C. The moisture content based on the net mass of spaghetti, X t , was calculated by Eq. (4). The hyperbolic equation has been applied to describe the moisture content of spaghetti as a function of time t (Cunningham et al., 2007; García-Pascual et al., 2005 , 2006 . In this study, we applied the equation of hyperbolic type (Eq.
Water sorption at various temperatures
(5)) to describe the X t value using the t·d -2 as an independent variable instead of time t. 
Equilibrium moisture content
The equilibrium moisture content at t = ∞, e X , is given by Eq. (6).
The equilibrium moisture content, e X , can be approximated by a because the 0 X value is much less than the a value. The temperature dependence of the a value was analyzed using Eq. (7) based on van't Hoff's equation.
where ∆H is a change in the enthalpy of the water sorption (J·mol -1 ) and R is the gas constant The moisture content significantly increases with the starch gelatinization due to the high carbohydrate content of the spaghetti (72%) (Nagao et al., 2003) . Starch sorbs water reversibly, and the water is mainly held in an amorphous region of the starch at temperatures lower than the gelatinization temperature (i.e., in the low temperature region in Fig. 5 ) (Nagao et al., 2003) . That is, the water would interact with the spaghetti components by a weak force such as van der Waals' force. The reversible interaction with the weak attractive force resulted in a small ∆H value and water retention in the pores resulted in a small a value in the low temperature region. On the other hand, the heating of the starch with water at temperatures higher than the gelatinization temperature (i.e., in the high temperature region in drogen bond with a hydroxyl group at temperatures higher than the gelatinization temperature. The hydration rate is, however, assumed to be much faster than the diffusion rate of water. Thus, the rate of water sorption was governed by the diffusion rate of water, although the equilibrium moisture content was limited by the state of the starch gelatinization. Therefore, the initial rate of water sorption was not slightly affected by the starch gelatinization.
The initial rate of water sorption has a close relationship to the optimal immersion time because al dente is the state at the early stage of the water sorption. The initial rate of water sorption was significantly affected by the diffusion rate of water through the pores.
Therefore, in order to shorten the immersion time, it would be necessary to enlarge the pores of spaghetti.
Conclusion
The loss of spaghetti mass should be considered to predict the moisture content of the spaghetti with a high accuracy. We proposed the 
